Trop-2 is a calcium signal transducer that drives tumor growth. Anti-Trop-2 antibodies with selective reactivity versus Trop-2 maturation stages allowed to identify two different pools of Trop-2, one localized in the cell membrane and one in the cytoplasm. Of note, membrane-localized/functional Trop-2 was found to be differentially associated with determinants of tumor aggressiveness and distinct breast cancer subgroups. These findings candidated Trop-2 states to having an impact on cancer progression. We tested this model in breast cancer. A large, consecutive human breast cancer case series (702 cases; 8 years median follow-up) was analyzed by immunohistochemistry with anti-Trop-2 antibodies with selective reactivity for cytoplasmic-retained versus functional, membrane-associated Trop-2. We show that membrane localization of Trop-2 is an unfavorable prognostic factor for overall survival (1+ versus 0 for all deaths: hazard ratio, 1.63; P = 0.04), whereas intracellular Trop-2 has a favorable impact on prognosis, with an adjusted hazard ratio for all deaths of 0.48 (high versus low; P = 0.003). A corresponding impact of intracellular Trop-2 was found on disease relapse (high versus low: hazard ratio, 0.51; P = 0.004). Altogether, we demonstrate that the Trop-2 activation states are critical determinants of tumor progression and are powerful indicators of breast cancer patients survival.
Introduction
Breast cancer is the most frequent malignancy in women, with almost 800 new cases per year per 100,000 women. Breast tumors are markedly heterogeneous in their biological aggressiveness, response to therapy, and prognosis [1] [2] [3] [4] . Even patients with the best prognostic profile (i.e., estrogen receptor a (ERa) positive and small-sized tumor without lymph node invasion) experience relapse in 10% to 20% of the cases at 5 years from surgery [3] . Traditional prognostic markers [1] are insufficient indicators of tumor aggressiveness and do not adequately discriminate among the different biological and clinical outcomes [3] . Therefore, new prognostic indicators are urgently needed.
Proteins that have roles in breast cancer growth, differentiation, invasion and/or metastasis can influence the biological progress of tumors, and can thus provide important prognostic information. One such candidate is Trop-2 [5] [6] [7] . Trop-1/Ep-CAM and Trop-2 [5] [6] [7] [8] [9] [10] are monomeric trans-membrane glycoproteins that are expressed in human epithelial cells at diverse stages of differentiation [8, 9, 11] . Trop-1 and Trop-2 undergo homophylic binding, and are largely located at contact sites with adjacent cells, where they take part to the formation of specialized cell-cell adhesion structures [11, 12] . Over-expression of Trop-2 has been demonstrated to be necessary and sufficient to stimulate tumor growth [6] . Expression of Trop-1 and Trop-2 is associated with poor prognosis of several human cancers, including oral, pancreatic, gastric, ovarian, colorectal, breast and lung tumors [6, [13] [14] [15] .
Trop-2 is synthesized in the endoplasmic reticulum, transported to, and glycosylated in the Golgi apparatus, and then sorted to the cell membrane [6] . The signaling function of Trop-2 [7] can be activated by antibody (Ab)-mediated cross-linking of cell-surface molecules [16] or by intra-membrane cleavage [17] . On the other hand, considerable amounts of Trop-2 are retained in intracellular compartments, in a broadly heterogeneous manner in different tumors [6] , which suggests that this is part of the regulation of Trop-2 function. Here, we show that membrane localization and mature glycosylation of Trop-2 are associated with worse cancer patient survival, whereas Trop-2 intracellular retention is associated with less frequent disease relapse and better survival. These findings indicate that the Trop-2 activation state is a critical determinant of tumor progression, and they thus pave the way for their use of Trop-2 activations state as a novel prognostic indicators in breast cancer.
Materials and Methods

Patients
Informed written consent was obtained from all patients and the protocol of this study was approved by the University of Ferrara Research Ethics Committee and by the board of the Ministry of the University and Research (''Identification and validation of new markers of metastasizing phenotype of breast cancer'', prot. MM06095812_006, year 2000).
Seven hundred and two consecutive patients who underwent surgery for breast cancer between January 1989 and December 1993 at Ferrara University were analyzed. Patients were considered eligible according to the criteria listed in File S1: Patients and methods.
Antibodies
The monoclonal anti-Trop-2 (m)Abs 162-46.2 (ATCC, HB-187) [18] , 2EF and T16 [11] were purified from mouse ascites using protein-A Sepharose, as described previously [19] . They were used for flow cytometry (2EF, 162-46.2), confocal microscopy (T16, 2EF), Ab-mediated capping and electron microscopy (T16), and immunohistochemistry (162-46.2). The goat polyclonal anti-Trop-2 (p)Ab AF650 was obtained from R&D (R&D Systems, Inc. Minneapolis, MN), and was used for flow cytometry and immunohistochemistry.
Trop-2 transport and internalization
Trop-2 transport and internalization were studied using flow cytometry, confocal microscopy, and electron microscopy, as detailed in File S1: Materials and methods.
Association of Trop-2 with markers of tumor histotype and progression
Clusters of determinants of cancer aggressiveness were analyzed for a representative panel of breast cancer cell lines and control cancer cells (prostate, colon) using RT-PCR and flow cytometry, as detailed in File S1: Patients and methods.
Immunohistochemistry
Formalin-fixed, paraffin-embedded (FFPE) breast tumor samples were obtained from mastectomies or excision biopsies. Tissue micro-array blocks were assembled, and the sections were analyzed as detailed in File S1: Patients and methods.
For Trop-2 (membrane and intracellular), Trop-1 and Ecadherin, total expression scores were obtained as described previously [20] . The total scores were computed as the product between the staining intensity scores (0, no reactivity; 1, weak staining; 2, moderate staining; 3, strong staining) and the percentage of positive cells scored (0, no stained cells; 1, 1-9%; 2, 10-49%; 3, 50-79%; 4, 80-100% stained cells). The total scores were then categorized as follows: 0, score 0; 1+, scores 1-4; 2+, scores 5-8; and 3+, scores 9-12. Expression levels were additionally categorized according to the percentage only of the stained cells, as: low, #5%; intermediate, 6-85%; high, $86%. Overall expression was further categorized as ''+'', by grouping positive scores 1-12, or ''-'', for score 0.
Statistical analysis
To evaluate the associations between membrane and intracellular Trop-2 and the other clinico-pathological variables, adjusted odd ratios were estimated using multiple logistic regression. The Cohen's kappa statistic was used to quantify the agreement between membrane Trop-2 and intracellular (mAb-or pAbdetected) Trop-2. The R software (R Development Core Team. R: A language and environment for statistical computing. R Foundation for Statistical Computing, Vienna, Austria. 2011, www.R-project.org) was used throughout this study.
The effects of membrane and intracellular Trop-2 on patient outcome were evaluated according to distinct endpoints: (1) Hard endpoint: death from any cause (cumulative incidence, CI); (2) First failure: the occurrence of any first relapse over the follow-up period (recurrence, distant metastasis, contralateral tumor, other neoplasia, whichever occurred first after surgery; i.e., crude cumulative incidence, CCI). The CCI was obtained by taking into account death without evidence of disease as a competing risk [21] . The CI and CCI curves were estimated using the 1-KaplanMeier probability plots. The Cox proportional hazard regression model was used to assess the prognostic impact of Trop-2 in multivariate analysis. The effects of Trop-2 were adjusted for established prognostic factors; i.e., age, grading (G2-G3 versus G1), pathologic T stage (pT2-pT3 versus pT1), number of metastatic lymph nodes (1-3, 4-9 and .9 versus 0), ERa, HER-2/neu, p53, and E-cadherin expression levels. Adjusted curves for death CI for nil and positive scores of Trop-2 intracellular determination were determined according to the corrected group prognosis method using Cox regression [22] .
The details of the statistical analysis are presented in File S1: Patients and methods.
Results
Cell-membrane Trop-2 signaling
Breast, ovary and colon cancer cells were assessed for their relative levels of cell membrane versus intracytoplasmic Trop-2 ( Figure 1 ). The cognate Trop-1/Ep-CAM [10, 12] was used as an internal benchmark. Z-stack analysis allowed the identification of bona fide intracytoplasmic deposits versus membrane organelles; e.g., podosomes or macrovilli ( Figure S1A ). Distinct areas of localization of Trop-2 in intracellular granular deposits were shown for the majority of the cancer cells. Of note, most granules contained Trop-2, but not Trop-1 ( Figure 1B) , which indicates that Trop-1 and Trop-2 have differential retention mechanisms and distinct functional regulation.
At variance with the intracellular distribution profiles of Trop-1 and Trop-2 ( Figure 1, Figure S1A ), the membrane localization patterns of Trop-2 broadly overlapped with those of Trop-1 ( Figure S1B ), which in this case suggested parallel mechanisms of retention of Trop-1 and Trop-2 at the cell membrane. Association analysis showed corresponding patterns of Trop-1 and Trop-2 expression/localization at the cell membrane in tumors from patients (Table 1) .
After synthesis in the endoplasmic reticulum, membrane proteins can be subjected to N-glycosylation in the Golgi apparatus prior to subsequent sorting to the cell membrane. As the extracellular domain of Trop-2 contains four putative Nglycosylation sites [5] , we generated an entirely deglycosylated Trop-2 variant through site-directed mutagenesis of the Nglycosylation sites to Ala (manuscript in preparation), and expressed this Trop-2 variant in colon cancer cells. We also developed a novel mAb (2EF) directed against the Trop-2 extracellular domain, which specifically recognizes glycosylated forms of Trop-2. Quantitative flow cytometry revealed that the 2EF mAb indeed fails to bind deglycosylated Trop-2 ( Figure 2B , C), at variance with the mAbs 162-46.2 and T16 and the pAb AF650 which recognize both fully glycosylated and deglycosylated Trop-2 ( Figure 2B , C). The 2EF mAb was also used for immunofluorescence analysis of Trop-2-expressing cells ( Figure 2A ). Here 2EF showed localization of glycosylated Trop-2 in intracellular deposits (Figure 2A , arrowheads), in agreement with our previous observations [6] . Formal proof that membrane molecules are functionally competent was then sought. First, we showed that fully glycosylated membrane Trop-2 molecules can be internalized for degradation/recycling. Antibody-mediated crosslinking of the membrane-associated Trop-2 revealed capping of the Ab/Trop-2 complex, followed by internalization in intracellular deposits (Movie S1, Figure 2D ). Furthermore, fully glycosylated molecules cross-linked in vivo by 2EF were shown to be functionally competent and to induce signaling (manuscript in preparation). Thus, intracellular Trop-2 is a candidate for a signaling-inactive form of Golgi-residing intermediates of translocation to the cell membrane or internalized deposits of recycled/ degraded molecules. Hence, membrane and intracellular Trop-2 may have different impact on tumor prognosis.
Association of membrane Trop-2 with tumor progression determinants in patients
An association of Trop-2 with cancer progression determinants was found in vitro (Supporting online results and Table S1 in File S1). The association of Trop-2 with determinants of tumor aggressiveness was then explored in cancer patients. The mAb 162-46.2 (from now on called 'mAb') was found to specifically detect the cytoplasmic pool of Trop-2 in FFPE samples, whereas the pAb AF650 (from now on called 'pAb') detected both membrane-and cytoplasm-associated Trop-2. Hence, both antibodies were used for discrimination of membrane and cytoplasm-associated Trop-2 in human tissues, to assess the impact of these two pools on the prognosis of breast cancer patients. A consecutive breast cancer case series from a single institution (702 cases; 8 years median follow-up) was analyzed ( Table 1) . Distinct methodologies, including alternative categorization procedures (immunohistochemistry score, percent of positive cell classes), were used for analysis of patient data, to dissect out their relative impact on patient prognosis (for further details, see Supporting Materials and Methods section in File S1). There was a significant association of mAb-detected Trop-2 with pathological stage (P = 0.04) and E-cadherin levels (P = 0.04). On the other hand, the pAb-detected Trop-2 was significantly associated with nodal status (P = 0.04) and histotype (P = 0.04). Intracellular Trop-2, as detected by both the mAb and pAb, was associated with the membrane-localized Trop-1, but not with the membrane-associated Trop-2, indicating that membrane versus intracellularly-retained Trop-2 are distinct functional variables. Consistent with this, the k-statistic for agreement between the membrane and intracellular Trop-2 (mAb) was low (0.065; confidence interval: 0.017-0.148), as it was also low that for mAb-detected versus pAb-detected intracellular Trop-2 (0.112; confidence interval: 0.025-0.200).
Multiple correspondence association and principal component analysis
These findings led us to further explore the association of the membrane and intracytoplasmic Trop-2 with aggressiveness determinants by multiparametric multiple correspondence association ( Figure S2A ). The horizontal (first) axis mainly separated low ERa/G3/high HER-2 (left) from high ERa/G1/low HER-2 and ''other histotypes'' (right). The vertical axis mainly separated high Trop-1/high E-cadherin (top) from low Trop-1/low E-cadherin/ low membrane-associated Trop-2. The mAb-detected intracellular Trop-2 nil score is positioned near favourable prognostic factors.
The Trop-2 association with tumor aggressiveness determinants was then investigated using principal component analysis ( Figure  S2B ). ERa and progesterone receptor (PgR) showed high direct correlation with each other, and high inverse correlation with HER-2/neu and p53. E-cadherin, membrane-associated Trop-1, membrane-associated Trop-2 and pAb-detected intracellular Trop-2 were intercorrelated, but were not correlated with the other markers. On the other hand, the mAb-detected intracellular Trop-2 showed low correlation with all of the other bio-markers analyzed, which suggests that it has potential for high discriminating power as an independent variable.
Mature versus immature Trop-2 forms in breast cancer
High expression of membrane-associated Trop-2 was observed in 77.6% of the cancers analyzed. High levels of intracellular Trop-2 were detected in 73.4% of cases using the anti-Trop-2 mAb, and 78.4% using the pAb (Table 1 and Tables S2, S3 in File  S1 ). The highest intensity of Trop-2 expression was observed in Trop-2 Impact on Breast Cancer Prognosis ductal carcinomas, with lower levels in lobular tumors and ''other histotype'' cases. In ductal and lobular breast cancers, the antiTrop-2 mAb mostly stained intracellular compartments, and granular staining patterns were frequently observed ( Figure 3A) . Previous data indicated that these regions correspond to the endoplasmic reticulum, the Golgi apparatus and post-Golgi compartments, including early endosomes, late endosomes and intracytoplasmic storage vesicles [6, 23] .
Immunohistochemistry staining patterns of pAb-detected Trop-2 are shown in Figure 3B . The highest reactivity was found against cancer cell membranes. Fainter, mostly homogeneous reactivity was observed intracytoplasmically in a distinct fraction of membrane-reactive cells. Heterogeneity of expression patterns of Trop-2 was found in essentially all breast tumor histotypes.
Impact of Trop-2 functional states on patients survival
Taken together, our findings suggest an important impact of Trop-2 functional states on patient survival. Hence, we followed our breast cancer case series for 96 months. During this time, for [11.8-16 .9%]). The absolute frequencies of the first adverse events during follow-up were analyzed according to lymph node status (Table S4 in File S1), expression of immature intracellular Trop-2 (Table S5 in File S1), mature intracellular Trop-2 (Table S6 in File S1), and membrane Trop-2 (Table S7 in File S1).
The unadjusted estimates of death CI and of relapse CCI according to different levels of membrane and intracellular Trop-2 are shown in Figures 4 and 5 . Table 2 shows the results of univariate and multiple Cox regression models, to estimate unadjusted and adjusted hazard ratios of positive versus nil scores. Membrane Trop-2 appeared as an unfavorable prognostic risk factor [24] . Considering death CI, the adjusted hazard ratio for scores 1+ versus 0 was 1.63 (P = 0.04). A similar trend was observed for Trop-2 expression scores 1+2+3+ versus 0 (Table 2) .
Both mature and immature intracellular Trop-2 had a favorable prognostic impact on death CI. The adjusted hazard ratio for scores 1+, 2+, 3+ versus score 0, for death from any cause was 0.69 (P = 0.05) for mAb, and 0.70 (P = 0.08) for pAb determination. Remarkably, the adjusted hazard ratio for high versus low expression of intracellular mAb-detected Trop-2 on death from any cause was 0.48 (P = 0.003), whereas that for intracellular pAbdetected Trop-2 was 0.55 (P = 0.02) (Figure 4) . Multivariable adjustment increased the statistical significance of the Trop-2 scores for mAb determination, while maintaining that for the Trop-2 pAb scores ( Figure S3 ).
There were corresponding impacts on disease relapse, with a hazard ratio of 0.67 (P = 0.04) for the mAb determination of Trop-2 Impact on Breast Cancer Prognosis PLOS ONE | www.plosone.orgintracellular Trop-2. The adjusted hazard ratio for the intensity of high versus low expression of intracellular Trop-2 (mAb) on first relapse was 0.51 (P = 0.004) ( Figure 5 ). The prognostic impact of intracellular Trop-2 expression on patient outcome, as assessed by mAb staining, markedly improved after adjusting for other prognostic factors, supporting a key role for Trop-2 as a prognostic determinant of overall survival and disease relapse.
Discussion
Trop-2 is a key driver of growth of transformed cells, whether through over-expression of growth-driving wild-type Trop-2 [6] , or through the generation of oncogenic bi-cistronic Cyclin D1-TROP2 mRNA chimeras [25] . On the other hand, our findings show that large amounts of Trop-2 are retained in intracellular compartments in a widely heterogeneous manner in tumors; e.g., in breast, ovary and colon cancers. This was at variance with the cognate Trop-1/Ep-CAM, which suggested distinct regulation of Trop-2 function. A glycosylation-dependent anti-Trop-2 mAb was developed to specifically assess the signaling competence of posttranslationally modified Trop-2. Using a case series of breast cancer patients built following the REMARK recommendations for tumor marker prognostic studies [22] (Table S8 in File S1), membrane Trop-2 was shown to be associated with major determinants of biological history of breast cancer, i.e. membrane Trop-1 and CD44v, with ERa/PgR-negative cases, and with distinct breast cancer subgroups (luminal, triple negative).
These findings suggested a deep impact of Trop-2 functional state on breast cancer biological history. Membrane-associated Trop-2 was found to have an unfavorable prognostic impact on Trop-2 Impact on Breast Cancer Prognosis PLOS ONE | www.plosone.orgpatient survival [24] . On the other side, intracellular Trop-2 showed a deep, positive impact on both patient survival and disease recurrence. Taken together, our findings identify Trop-2 as a key determinant of patient survival, opening novel avenues of research on the pathways that drive tumor progression.
Current predictors of overall survival are tumor size, grading, fraction of proliferating cells, and vascular invasion [26] , inevitably linking tumor prognostic determination to late-comer indicators. On the other hand, molecular markers like p53, HER-2/neu, and ERa [27] , show little impact on patient survival [26] . Immunohistochemistry markers of favorable prognosis of breast cancer include only ERa, PgR [27, 28] , Bcl-2 [29] and E-cadherin [20] . Further, hormone receptors are weak predictors of patient outcome [26] [27] [28] 30] ; only the combined absence of ERa, PgR and HER-2/neu associates with aggressive triple-negative breast cancers [31] . Bcl-2 antagonizes the induction of tumor cell apoptosis, but it is also associated with tumor differentiation and longer disease-free survival [29] . Loss of E-cadherin ( [20] and references therein), or functional inactivation of this adhesion molecule (manuscript in preparation) are required for invasion and metastasis. However, favorable versus unfavorable prognostic impacts of E-cadherin depend on its expression levels [20] . Both higher-than-normal and lower-than-normal E-cadherin expression levels are associated with worse prognosis [20] , thus posing limits to the use of E-cadherin as a dichotomous prognostic marker.
On the other hand, our findings indicate that the states of Trop-2 can serve as a powerful, differential indicator of sharply distinct disease outcome, thus paving the way for their use for identifying patient subgroups with distinct cancer-associated risk. Tables S1-S8. Table S1 , Association between Trop-2 surface expression and tumor progression markers. distribution. Table S4 , Absolute frequency of first adverse events by lymph node status. 
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